Objectives: Deep Brain Stimulation (DBS) has been either approved or is currently under investigation for a number of psychiatric disorders.
INTRODUCTION
Described anecdotally for millennia and having carried a multitude of names throughout history, including shell shock, battle fatigue, soldier heart, and accident neurosis, the term Posttraumatic Stress Disorder (PTSD) as it is called today appeared in the third edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-III). Although the core symptoms and etiology of PTSD have remained in the description of the disorder, notable changes have been incorporated into the DSM-V diagnostic criteria. Until the latest edition, PTSD was classified as a fear and anxiety disorder. In the DSM-V (1), PTSD is no longer described as such, but as a separate entity that has expanded to include negative cognitions and alterations in mood (e.g., persistent negative emotional states, persistent blame), as well as arousal and reactivity symptoms (e.g., anger, impulsiveness, recklessness, and self-destructiveness).
PTSD can develop after a traumatic event is witnessed or experienced and usually involves the threat of death, serious injury or a serious threat to a person's physical integrity, in combination with intense feelings of fear and helplessness. The most common types of trauma resulting in PTSD include sexual assault, military combat, serious accidents, and the unexpected death of a loved one. The disorder is characterized by four clusters of symptoms: intrusive or reexperiencing symptoms, persistent avoidance of stimuli associated with the trauma, alterations in mood, and persistent symptoms of hyperarousal. For a diagnosis of PTSD, the described symptoms must persist for over one month following the traumatic event and result in clinically significant distress or impairment in day-to-day functioning.
Despite variations in methodology and discrepancies in reported figures, most epidemiological studies indicate that PTSD is a major health concern worldwide. In the United States, the estimated lifetime prevalence of PTSD is around 5-8% (2) . Overall, women are more than twice as likely as men to develop PTSD (3) . In war veterans, the prevalence is higher than average with rates reaching between 11-17% for soldiers deployed in the Gulf War and the Iraq-Afghanistan wars (4, 5) .
PTSD causes considerable distress and can significantly interfere with social and occupational functioning. It is not uncommon for individuals suffering with the disease to lose their jobs, experience difficulties in relationships, and develop secondary psychological disorders and health complications. The most common co-morbidities include mood and anxiety disorders and substance abuse. PTSD has also been shown to increase the risk for suicidality (i.e., suicidal ideation, intent and/or plan, and attempt). In fact, the lifetime incidence of suicide attempts and ideation in PTSD was second only to that of individuals with depression (6) . Taken together, the multifaceted issues associated with PTSD translate to a substantial economic burden through lost productivity and healthcare costs on the order of billions of dollars.
In North America, the lifetime cumulative exposure to any traumatic event sufficient to cause PTSD is estimated at 60-80% (7). Yet only a minority of trauma victims (10-30%) subsequently meet criteria for PTSD (8) . This consistent finding brings about questions regarding resiliency and vulnerability factors, chiefly, why are some individuals able recover and rebound from a psychological trauma and others go on to develop and suffer from PTSD?
Twin studies have shown that the development of PTSD following a trauma is heritable, and that genetic risk factors may account for up to 30-40% of this heritability (9, 10) . Many factors relating to subjective experience of the traumatic event and post-trauma variables such as low social support, fear intensity during trauma, perceived threat to life, social withdrawal, a comorbid psychological problem, and poor family functioning have been shown to be strong predictors of PTSD development (11) . Pre-trauma variables such as previous traumatic experiences, general childhood adversity, psychiatric history, reported childhood abuse, family psychiatric history, and personality traits such as high negative emotionality have also been consistently reported to increase the risk for PTSD (12) . Other risk factors and biological correlates involved in the pathophysiology of PTSD include genetic polymorphism (13) , endocrine dysregulation (14) , reduced levels of neurotrophic factors (15) as well as abnormal monoamine (16) , and neuropeptide levels (17).
PRECLINICAL MODELS: GENERAL ASPECTS
For an animal model to adequately resemble a human disorder, it must meet several criteria: the behavior observed must parallel that in humans; the model must be able to test predictions regarding the mechanisms and etiology of the disorder; and it should share neural mechanisms that are comparable to those found in human patients (18, 19) . Most animal models proposed to date are more suited to study short-term fear and anxiety-like responses to stress/trauma than the long-term responses observed in PTSD (20) . In this review, we will focus mainly on fear conditioning and extinction paradigms as they share common mechanisms and neurocircuitry with PTSD.
Fear Conditioning
Pavlovian fear conditioning is a learning paradigm whereby an animal learns to associate a neutral cue (the conditioned stimulus; CS; often a tone or a light), with an aversive stimulus, (the unconditioned stimulus; US; often a foot shock or high volume sound). After repeat CS-US pairings, presentation of the CS in the absence of the aversive stimulus elicits a conditioned response (CR). This is commonly measured as the time the animals spend in a "freezing state," in which only respiratory movements are observed. In fear conditioning studies, in addition to US and CS, freezing can also be measured in relation to environment or context.
In humans, fear conditioning has been postulated to play a key role in the pathogenesis of anxiety disorders (21) . In particular, it has been proposed that patients or individuals susceptible to anxiety disorders are more sensitive to aversive stimuli and therefore acquire stronger fear learning than controls, such that a CS is more robustly reinforced and elicits a stronger CR (22) . Consistent with the aversive hypersensitivity aspect of the conditioning model, PTSD patients show increased autonomic and electromyographic responses to visually presented and imagined threat stimuli (23) . Furthermore, they present larger skin conductance levels, heart rate increases, and electromyogram responses to images conditioned with aversive electrical shocks than non-PTSD trauma-exposed controls (24, 25) . These results suggest that PTSD is associated with higher sympathetic nervous system arousal during conditioning and that individuals with PTSD may be more "conditionable" than trauma-exposed individuals without PTSD.
Neurocircuitry of Fear Conditioning
Structures largely implicated in the mechanisms of fear conditioning are the amygdala, prefrontal cortex and the hippocampus.
The amygdala consists of multiple nuclei, including the basolateral complex (BLA), consisting of the lateral nucleus (LA), the basal nucleus (BA), and the accessory basal nucleus; the cortical nucleus; the central nucleus (CE), and intercalated cell clusters (ITC) (Fig. 1) . The LA receives stimuli from various sensory modalities including auditory, visual, and somatic (29) . These inputs convey a fast signal for danger or aversive stimuli (30) , which is in contrast to the slower sensory signal delivered from cortical association areas (30, 31) or hippocampal afferents (32) . As a central relay of sensory information, the LA has been suggested to integrate aspects of US and CS during fear conditioning (33) . From the LA, the signal is propagated to the central nucleus (CE), which in turn projects to multiple brainstem and hypothalamic areas. These are involved in different aspects of the fear response, including freezing behavior (34) , autonomic responses (e.g., changes in heart rate and blood pressure) (35) , and the modulation of the hypothalamic-pituitary adrenal axis (36) . Overall, these structures and their connectivity in rodents correlate well with the anatomy of the human amygdala (37) .
The homology of prefrontal cortical structures in rodents and humans is fairly controversial (18, 38) . In rodents, the PFC includes two topologically different areas: the medial prefrontal cortex (mPFC) and the orbital prefrontal cortex (oPFC). The former may be subdivided in anterior cingulate cortex, the prelimbic cortex (PL), and infralimbic cortex (IL; Fig. 2 ) (18, 38) . In fear conditioning, the PL has been suggested to play a role in maintaining freezing behavior beyond the initial rapid response processed within the amygdala (40) .
In rodents, the hippocampus is divided in ventral (vHPC) and dorsal (dHPC). The former corresponds to the anterior and the latter to the posterior hippocampus in primates (41) . In general, the hippocampus does not play a major role in the initial acquisition of conditioned fear responses, except when these are context-dependent (e.g., spatial orientation and color of the testing chamber) (42) . It projects to both PL and IL, and has reciprocal connections with the BLA, providing contextual modulation over fear responses (43) .
Fear Extinction
Fear extinction is an important learning phenomenon that refers to the gradual reduction of conditioned responses on repeated presentations of the neutral CS. Once extinction has occurred, a way of testing whether the new memory has been learned is to present the animals once more with a reminder CS, a phenomenon sometimes known as "extinction recall." Rather than a memory deletion, fear extinction is theorized to involve the acquisition of new memories that serve to suppress the initial conditioned fear memory (44) .
In the clinic, PTSD has been commonly described as a disorder of fear extinction impairment (43) . Most people that experience a traumatic event will likely undergo emotional changes and physical symptoms in the aftermath (45) . For example, hypervigilance, anxiety, and avoidance of trauma-related stimuli are common after a traumatic event but usually resolve and dissipate after a period of a couple of months in the majority of individuals. Over time, healthy subjects are able to learn that stimuli reminding them of the traumatic event do not predict the re-occurrence of the trauma (i.e., they are able to extinguish the association between the traumarelated stimuli and the aversive nature of the traumatic experience). In individuals that suffer from PTSD, the conditioned fear fails to extinguish and trauma reminders continue to elicit pathological responses long after the danger has passed. Another important notion is that the extinction paradigm may play a valuable role in the treatment of anxiety disorders such as phobias and PTSD. In exposure therapy, PTSD patients are exposed to trauma-related cues or stimuli that gradually increase in intensity within the context of a safe environment (46) . In most patients, multiple sessions effectively reduce symptoms, allowing them to learn to inhibit fear responses in light of new safety cues (47) . However, in more severe cases of PTSD and other anxiety disorders, exposure therapy is not as effective, suggesting that these refractory patients may have deficits in extinction learning (48, 49) . Furthermore, clinical follow-up data show that benefits from cognitive therapy or imagination-based exposure are not maintained in up to 40% of individuals treated for PTSD at 12 months (50).
Neurocircuitry of Fear Extinction
Studies demonstrating a spontaneous recovery of a conditioned fear following extinction indicate that the conditioned fear association is not erased (51, 52) . Instead, the formation of a new extinction memory that acts to inhibit the initial conditioned fear association is purported to be the underlying mechanism of extinction training (44) . The process of forming the extinction memory and the manner by which it inhibits the fear response is mediated by neurocircuitry that is somewhat different from that of fear conditioning. Structures that are relevant to fear extinction include the ventromedial prefrontal cortex, BLA, ITC of the amygdala, and the hippocampus. In the vmPFC, the infralimbic cortex plays a role in inhibiting conditioned fear following extinction (53, 54) , whereas the prelimbic cortex is primarily involved in the behavioral expression of fear (i.e., freezing) (54, 55) . In addition, the IL also seems to modulate fear-response inhibition by activating GABAergic ITC clusters (56) . These receive excitatory input from BLA, and send inhibitory projections to central nucleus of the amygdala (57) . During extinction, IL inputs activate the ITC, subsequently inhibiting CE and reducing the fear response (Fig. 3) (59) .
As for the hippocampus, while both ventral and dorsal regions are involved in mechanisms of contextual-based conditioning and extinction, only the vHPC modulate defensive behaviors associated with contextual fear (60).
Extinction Learning: Relevance to PTSD The literature spanning preclinical and clinical studies has demonstrated that brain areas implicated in rodent models are also robustly involved in human fear learning and extinction (43, 61, 62) . Neuroimaging studies of PTSD patients have been crucial in providing insight into the structural and functional abnormalities associated with this disorder (63) . In agreement with animal studies, the areas most commonly associated with PTSD include the amygdala, hippocampus, and prefrontal cortex.
Studies using both functional Magnetic Resonance Imaging (fMRI) and Positron Emission Tomography (PET) have found an increased activity in the amygdala of patients with PTSD in response to trauma-related cues (64), during emotional processing tasks (65) , and at rest (66) . Similar amygdala responses have also been documented when patients were presented both consciously (67) or unconsciously (68) to trauma or fear-related stimuli and during emotionally neutral tasks (69) . The ventromedial prefrontal cortex, the rough anatomical equivalent of the rodent IL/ventral PL cortex (Fig. 2) , is implicated in the processing and modulation of fear and negative emotional affect in humans (70) . In contrast to the amygdala, this region seems to be hyporesponsive in PTSD (71) . PET studies using trauma-related imagery, sounds, or narratives showed decreased blood flow in the vmPFC of combat exposed veterans (72) and sexually abused woman with PTSD (73) . A reduced activity in the vmPFC was also reported in PTSD patients during fear processing (67) , in response to trauma-reminding cues (74) , and during resting state (75) . However, a meta-analysis of 15 fMRI studies underscored the finding that PTSD is associated with significant vmPFC hypoactivation but suggested an increased activation of the amygdala (76) .
While functional imaging studies of the amygdala and mPFC have been somewhat consistent, investigations of hippocampus activity in PTSD have yielded mixed results. Reduced hippocampal activity was reported in patients during a Verbal Declarative Memory Task (77) and also correlated with more severe PTSD symptoms during a virtual Morris water maze task (78) . Furthermore, reduced activity in the hippocampus was reported in PTSD patients during successful encoding of trauma-related stimuli and was also associated with high arousal symptoms on the Clinician-Administered PTSD Scale (CAPS) (79) . Conversely, a separate study found enhanced activation of the left hippocampus in PTSD in comparison to controls during encoding and recognition of emotional words in declarative memory task (80) .
TREATMENT RESISTANCE IN PTSD
Treatments for PTSD largely fall into two main categories: psychotherapy and medications. In addition, non-invasive neuromodulation treatments, such as transcranial magnetic stimulation (TMS), are currently being investigated with promising results (81) . Widely employed psychotherapeutic interventions include cognitive behavioral therapy, exposure therapy, group therapy and eye movement desensitization and reprocessing. With regards to medication, the most commonly prescribed agents are selective serotonin reuptake inhibitors (SSRI; e.g., paroxetine, sertraline, and fluoxetine). Other classes of drugs such as atypical antipsychotics, benzodiazepines, and a-adrenergic drugs have also been used (82) .
Both psychotherapy and pharmacological interventions are effective for the treatment of PTSD. A large meta-analysis of more than 112 PTSD treatment studies (both psychotherapeutic and pharmacological) conducted over the last 35 years found that cognitive behavioral therapy and exposure therapy account for the majority of all psychotherapy-based studies and also show the largest treatment effect sizes (82) . Among pharmacological interventions, antidepressants are the most commonly studied class of drugs. Watts and colleagues (82) reported that the only effective antidepressants superior to placebo were the SSRIs paroxetine, fluoxetine, and sertraline, as well as the selective norepinephrine reuptake inhibitor venlafaxine, all of which showed moderate treatment effects. Other major categories including anticonvulsants, benzodiazepines, and a-adrenergic drugs did not differ statistically from placebo.
Despite the evidence for clinical efficacy described-above, a substantial number of individuals continue to experience PTSD symptoms despite appropriate medical treatment. In psychotherapybased studies, more than 30% of patients that completed a full course of treatment continue to meet criteria for PTSD (83) . Response rates to treatment with SSRIs are usually no higher than 60% (84) .
While there is no commonly accepted definition of treatmentresistant PTSD (TR-PTSD), an individual who, despite adequate treatment with antidepressants and cognitive behavioral therapy, continues to meet the criteria for PTSD is considered treatmentresistant (85) . Resistance to treatment has been thought to be associated with more severe cases of PTSD, usually occurring in patients with multiple traumas or chronic trauma exposure, as well as comorbidity with other psychiatric illnesses, such as substance abuse and mood disorders (85) .
DEEP BRAIN STIMULATION
Over the last decades, knowledge gained with the use of DBS for the treatment of movement disorders has been leveraged to other fields, including psychiatric disorders. Several clinical trials have been conducted to investigate the use of DBS for treating conditions such as obsessive-compulsive disorder (OCD) (86) (87) (88) , addiction (89), anorexia (90) , and depression (91) (92) (93) .
Preclinical Studies Using DBS in Models of Conditioned Fear and Anxiety
In preclinical models, stimulation has been delivered to multiple structures either to study the behavioral consequences of such treatment or to understand the role of specific regions in mechanisms of conditioned fear, extinction, and anxiety. Targets explored in such studies include the basolateral amygdala (94) (95) (96) , ventral striatum (97), hippocampus (98) , and prefrontal cortex (54, 99) .
The effects of BLA DBS have been mainly studied in animals during defensive burying, an innate rodent behavior in which animals tend to bury objects they consider to be dangerous, threatening, or associated with an unpleasant experience. Overall, treatments that reduce defensive burying are considered to be anxiolytic. Stimulation at high frequencies (e.g., 150-200 Hz) delivered prior to testing has been shown to reduce burying latency (94, 95) . However, a potential side effect in animals stimulated with high current intensities in BLA is the development of epileptiform after-discharges (96) .
The effects of DBS in the ventral striatum have been largely tested in fear conditioning/extinction-based paradigms. Once conditioned with tones/footshocks, animals received DBS at 130 Hz for one hour before, one hour during, and one hour after extinction training (97) . DBS delivered bilaterally through electrodes that were dorsal to the anterior commissure led to a significant decrease in freezing when animals were re-exposed to conditioned cues.
High-frequency stimulation (e.g., 100 Hz) delivered in trains or bursts to the hippocampus after conditioning and/or extinction improved extinction learning and/or reduced freezing during recall (100, 101) . In contrast, low frequency hippocampal stimulation at 2 Hz delivered after extinction, but not following conditioning, impaired extinction learning and the development of hippocampal-PFC plasticity (98, 102) .
Similar to what has been observed in studies of the hippocampus, fear conditioning/extinction findings in animals given PFC stimulation varied according to the timing of current delivery and target (53, 99) . When administered within 100-400 ms of CS, PL stimulation impaired, while IL stimulation facilitated extinction learning (54) . An improvement in extinction learning has also been demonstrated when either pulses or trains of highfrequency stimulation (100 Hz) were applied to the IL following conditioning/extinction and/or reconditioning of the animals to the conditioning context (103, 104) .
Clinical Use of DBS in PTSD
Although a clinical trial to treat PTSD with DBS has been proposed (105), data is still lacking. In the only case report published to date, Langevin and colleagues have treated a combat veteran with BLA DBS (Fig. 4) (106) . After enrollment, 18F-fluorodeoxyglucose PET was obtained at rest and during an activated task, which consisted in asking the patient to recall the traumatic event. When compared to the rest scan, images obtained while he recalled the traumatic event showed higher metabolism in the amygdala. Attesting to the safety of the procedure, video-electroencephalogram carried out after the implantation of BLA electrodes and stimulation ruled out the development of seizures or afterdischarges. At eight months postoperatively, clinical improvement was noticeable with a 37.8% reduction in CAPS scores as compared to baseline. Stimulation settings were 60 lsec, 160 Hz, 1.4V on the right and 0.7V on the left.
CONCLUSIONS
To date, the circuitry and mechanisms of fear, anxiety, and to some extent PTSD are relatively well understood (107) . Preclinical work suggests that stimulation at high frequency delivered at particular timeframes to different targets, including the amygdala, ventral striatum, hippocampus, and prefrontal cortex may facilitate fear extinction and improve anxiety-like behavior in rodents. As these structures are all part of the neurocircuitry associated with PTSD they may be considered as suitable DBS targets to be investigated in the future. That said, several caveats need to be considered when data from animal models are to be translated. As noted in this review, preclinical paradigms used to date are more suited for the study of fear and anxiety in the relative short-term, and may therefore be somewhat limited for modeling PTSD. Furthermore, in most studies, na€ ıve rodents exposed to trauma or stress are given DBS as a first-line treatment (i.e., without failing medical therapy). Lastly, in contrast to clinical applications of DBS, stimulation is usually given for short time intervals rather than continuously for prolonged periods. Despite these limitations, studies in animal models may help us understand mechanisms of DBS and improve the efficacy of this treatment (19) . Future studies should aim to characterize the chronic effects of DBS in animal preparations that include paradigms to assess multiple behavioral domains.
To date, there is a paucity of viable options for patients with refractory PTSD. As such, efforts have been made to investigate novel approaches to treatment development, leading to promising results from preliminary clinical studies (108) . Neuromodulation therapies and their associated side effects are generally well tolerated. Nevertheless, the invasive nature of DBS brings with it a certain level of risk which should always be fully disclosed by the investigators and appreciated by the patient. As PTSD is a multi-symptomatic disorder, patients included in investigational studies should ideally be treated and managed by multidisciplinary teams, including psychiatrists, psychologists, and neurosurgeons. Informed consent has to be carefully obtained, taking into account the competency of the patient.
In the only clinical report published so far, a patient implanted with BLA electrodes has shown striking improvements in PTSD symptoms (106) . Although encouraging, these results certainly require further corroboration. Within the realm of psychiatric disorders, DBS is only offered as an investigational treatment to refractory patients. In contrast to OCD or major depression, criteria to define this population in PTSD are not well established. To date, clinical trials using pharmacological interventions have been largely conducted in previously untreated patients or subjects receiving isolated therapies. Patients who do not respond to psychotherapy or first line drug regimens are often those with co-morbid psychiatric conditions and personality disorders (85) . The presence of the latter often comprises an exclusion criterion in most DBS trials. Also unknown in patients with treatment-refractory PTSD is the magnitude of a placebo response.
The above-mentioned considerations are just a portion of those needed to be addressed to design appropriate clinical studies of 
